Abstract. Aluminum alloys, due to their low density compared to steels, are an important group of materials, in particular for light weight construction of transport vehicles. However, aside from their low specific weight, drawing of car body components made from aluminum alloys is limited by an inferior formability. To enable a modern car body design, it is necessary to enhance the formability of aluminum sheet metal. One basic approach to reach this aim is to adapt the mechanical properties of the blank for the drawing process. The general idea is to soften the deformation zone relative to the force transferring zone, which results in an improved material flow and thus to larger drawing depths. In this paper the process sequence consisting of local induction heat treatment followed by deep drawing of precipitation hardenable aluminum alloy is presented. Using an induction system, it is possible to change the mechanical properties of the 6xxx aluminum blanks in a restricted area by influencing the precipitation structure. Tensile tests characterize the conversion from the stable naturally aged condition T4 to reversible solution heat treated W conditions of AA6016 as function of temperature and time. This effect leads to a reduction of flow stress, which is used to design an material property distribution adapted for the subsequent deep drawing process. A process characterization study provides detailed information concerning induction heating parameters, to improve the deep drawing of cylindrical cups, which results in a decisive increase of the limiting drawing ratio. Accompanying the experimental investigations, a finite element analysis approach is realized as a process design and optimization tool. Following the presented strategy, it is possible to enhance the forming capability of aluminum alloys. This leads to advanced manufacturing processes, which extend the field of applications for aluminum car body parts.
Introduction
Ecological reasons led to laws concerning the protection of the environment and resources. The constantly rising security demand of automotive customers is responsible for developments, which improve passengers' safety. The objective is to reduce the energy consumption of vehicles and to increase passive security at the same time. Therefore light-weight constructions and light-weight materials are in the centre of research in wide areas of automotive industry. The importance of lightweight constructions becomes obvious by the example of the current BMW 5-series: 75% of the weight reduction was realized by body in white light-weight construction, where the aluminum proportion of the body is 18% and that of high strength steel is 62% [1] . In [2, 3] a 30% decrease of fuel consumption is predicted for body constructions manufactured using light weight materials.
Deep drawing is one of the most important manufacturing methods in the production of automotive car body panels. The process window is limited by the appearance of wrinkles and cracks. The material properties, friction condition between tool and part surface, tool geometry and blank holder pressure directly influences the process limit. If an adequate blank holder pressure is applied, wrinkles can be avoided. But a high blankholder pressure negatively affects the material flow in the flange, which increases the risk of cracks. The limiting drawing ratio β max is the ratio of the largest blank diameter referred to the punch diameter, which can be drawn without the occurrence of failure. It is reached, if the required drawing force F P can not be transferred into the deformation zone, because it exceeds the bottom fracture force F BF . According to this β max can be enhanced by strategies, which decrease the necessary and/or increase the transferable punch force.
In general the bottom fracture force, which represents the largest transferable force, can be increased by hardening the material in the area of the punch contact. Siebel and Beißwänger [4] as well as Dirks [5] carried out investigations with blanks, which were stain hardened before the deep drawing operation by rolling and afterwards locally softened in the flange area by recrystallization. Using precipitation hardenable aluminum alloys (AA6xxx-series) as blank material it is possible to reduce the required punch force during deep drawing. For this it is necessary to change the flange area (the later deformation zone) by a local thermal treatment from the naturally aged condition T4 to a softened condition W. For example this can be achieved by using a welding torch [4] , a CO 2 -Laser [6] , Nd:YAG-Laser [7] or by induction heating [8] .
These so called tailored heat treated blanks (THTB) are characterized by a plastic properties distribution which is adjusted by the local heat treatment to improve the respective forming process. To shorten the time for optimizing the process sequence -local heat treatment and subsequent deep drawing -an adequate simulation model for the process chain is a prerequisite. This paper presents a FE-based approach for a local induction heating process to manufacture THTB followed by the simulation of deep drawing cylindrical cups to determine the process window. In conclusion the simulated results are compared with the experimental results.
Experimental Details
Material. The material used for the experiments is AA6016 in the naturally aged condition (T4) with a sheet thickness of s 0 = 1.0 mm. The samples for the deep drawing experiments were produced by laser cutting. The absorption coefficient is determined with 0.12. Laser System. The laser system used for the heat treatment of tensile test specimen is given by a Nd:YAG-laser with a maximum power of 4.0 kW operating in continuous wave (cw) mode. For an increased absorption a graphite coating is applied to set the absorption coefficient to 0.7. Induction Heating. The induction heating hardware is characterized by a medium frequency generator (rated frequency f G = 10 kHz) with a maximum power P G = 10 kW and an induction coil made of a copper tube defined by an bending diameter D B = 100 mm, an outer diameter D O = 10 mm, an inner diameter D I = 8 mm and the inductivity L = 0.5 µH. Drawing Experiment. The deep drawing experiments are conducted with a tool having a cylindrical punch with a diameter D P = 50 mm, a drawing die diameter D D = 52.6 mm, a punch radius r P = 6.3 mm and a die radius r D = 6.3 mm. A blank holder force F H = 30 kN is adapted in order to avoid wrinkling. The deep drawing oil Oemeta IHV 36 was applied. For the determination of the cup base fracture force F BF the Engelhardt cup test [9] is carried out. During this drawing test a crack is enforced at a predefined reduction of the maximum forming force by clamping the blank with the blank holder force F Hmax = 250 kN. FE-Simulation. For numeric investigations the FE-System SYSTUS 2003 v5.5 is used to model the local induction heating and the ABAQUS v6.4 implicit solver for simulating the deep drawing process. In regard to adequate computation times for the induction heating process an axis symmetrical FE-model is generated for the blank and induction coil with boundary elements representing the surrounding air and the cooling water inside the inductor. The process simulation is carried out as a coupled FE-analysis of an electromagnetic and a thermal field. The required coupling routine is implemented in the SYSTUS Interface Language (SIL).
For the representation of the anisotropy of the aluminum sheet a three dimensional model is used to simulate a quarter (0° to 90° relative to rolling direction) of the deep drawing process. The tool geometry is modeled with analytical rigid bodies where the blank is generated using deformable (elastic, plastic) solids with four elements across the sheet thickness.
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Mechanical Properties
The determination of mechanical properties as a function of different heat treatment conditions is an essential requirement for FE-simulation. Therefore for fundamental investigations concerning the effects of heat treatment on AA6016 tensile specimens are irradiated longitudinal using a Nd:YAGlaser. Afterwards the specimens were tested corresponding to DIN EN 10002 [10] . The irradiation of the tensile specimen is carried out with a spot diameter of d L = 40 mm and a scanning velocity v L = 40 mm/s. The laser power P L is varied between 600 W and 1900 W in steps of 100 W. Measurement of temperature on the aluminum sheet surface for correlation with laser parameters is done using an infrared pyrometer IMPAC IP 120.
In Fig. 1 the maximum temperatures T max during the heat treatment and the resulting mechanical properties are summarized [11] . The experimental results display the dependency of the mechanical properties on P L respectively the corresponding maximum temperature T max during the heat treatment, especially the influences on the yield strength (YS) and the ultimate tensile strength (UTS). Between T max = 190 °C and T max = 280 °C the UTS decreases from 213 N/mm 2 to 156 N/mm 2 caused by the reversible dissolution of the precipitation structure. A further increase in laser power has no further softening effect on the material. In contrast to the significant decrease in flow stress, the uniform elongation (UE), the strain hardening coefficient n and anisotropy r show no clear tendency or correlation with T max . Thus besides the thermal softening the forming behaviors are preserved. [11] In Fig. 1 three sections can be seen. Laser heat treatment producing temperatures in the range of 20 °C up to 200 °C do not activate any dissolution of the precipitation structure and therefore is not able to influence the mechanical properties. Thus the heat treatment conditions in section I are characterized by not affecting the initial, natural aged condition T4 of the material.
Laser heat treatment temperatures above 200 °C activate the selective manipulation of mechanical properties of AA6016. In sections II the laser irradiation heats up the specimens to temperatures starting from 200 °C up to 280 °C for a few seconds. As a consequence the yield strength and the tensile strength are significantly reduced, whereas the uniform elongation retains unmodified. The softening of the material, represented by the decreased yield and tensile strength, is caused by the dissolution of the coherent MgSi-precipitations in the material and the formation of a supersaturated solid solution.
Section III is characterized by a saturation of the softening effect at the minimum level of section II. Heat treatment of AA6016 with temperatures in between 280 °C and 350 °C is characterized by a maximal softening of the material and the occurrence of stretcher strain marks. These can be neglected, if damaging of the material in terms of stretcher strain marks can be Advanced Materials Research Vols. 6-8accepted for example in non visible areas of components or in areas, which will be cut off in a trimming operation. At higher heat treatment temperatures starting from 350 °C partial damaging of the material is caused. The damaging of the material is testified in [11] . As a consequence the uniform elongation is decreasing and stretcher strain marks occur during testing.
Summarizing the results described in this paragraph it has to be noticed, that the softening effect for heat treatment temperatures in the range of 200 °C to 280 °C is strongly depended on T max . In particular this transition -form the naturally aged condition T4 to the completely softened condition W -has to be taken into account for the FE-simulation.
FE-Simulation of THTB
Especially for THTB the main advantage of the FE-based process simulation is that manufacturing processes of complex parts can be calculated and thus process limits for a set of parameters can be defined [11] . This aspect is important because the result of the heat treatment process step has a direct influence on the initial material condition before deep drawing. Therefore the heat treatment process has to be adjusted in consideration of a good forming result, which increases the number of process variables to determine. The purpose is to quantify the most convenient distribution of the mechanical properties for the forming process of a component and the corresponding induction heating parameters. Therefore a 2d FE-model for the induction heating process is created using SYSTUS. By means of a mapping interface the heat treatment result is interpreted and transferred to 3d FE-mesh for the deep drawing simulation with ABAQUS. FE-Simulation of induction heating process. As a result of the induction heating process the THTB for deep drawing is generated. The intention is to simulate the temperature time characteristic as a function of the blank radius for a set of process parameters which then can be correlated with the T max -dependent material properties data determined in the preceding paragraph.
One exemplary result of a parameter study is displayed in Fig. 2 . The influencing variables which have been investigated are the blank diameter D 0 , the inductor geometry (diameter, cross section), the generator power P I and the position of the induction coil. The primary objective of the simulation study is to identify a set of these process parameters that qualify an applicable heat treatment result. A suitable result with regard to the subsequent deep drawing process is characterized by a T max distribution that does not exceed temperatures of 200 °C in the initial force transferring zone to ensure maximum strength (condition T4) and temperatures above 280 °C in the deformation zone for a maximum reduction (condition W) of force requirement. As Fig. 2 shows, a transition zone (section II) results between the area of material property condition T4 (section I) and W (section III). In this case section II starts at a radius of 34 mm and the maximum softening effect is reached at a radius of 41.5 mm. It is obligatory that if the blank is softened in the punch contact area than the cup bottom fracture force is reduced in comparison to the material condition T4 which negatively influences the drawing process. Furthermore it has to be considered if section III is close to the die radius then significantly softened material is drawn in at the beginning of the drawing process because of the small transition zone. Therefore it can be anticipated that due to the low strain level, respectively work hardening at the beginning of the deep drawing process the cup wall is weakened. This fact also leads to a reduction of the maximum transferable forming force, which constrains the forming limit compared to a homogenous T4 blank. For this reason both the range and the position relative to the blank radius of the transition zone between section I and section III have a fundamental influence on the formability of the THTB.
The basic conclusion of the numeric investigations is that the blank has to be cooled in the center. Otherwise, like the T max -distribution without cooling in Fig. 2 demonstrates, the punch contact area is softened. Using a copper cooling disk (diameter 60 mm, height 5 mm) in the center of the blank ensures that the initial material condition T4 is maintained and therefore the cup base fracture force F BF is not reduced.
For further investigations the heat treatment results are transferred by a mapping procedure from SYSTUS to ABAQUS. A second possibility for an effective parametric study of the drawing process is a simplified implementation of the T max -distribution in analogy to Fig. 3 . It is based on the measured temperatures and the numeric simulations of the induction heating. The dominant parameters for the forming process are the location and the range of section II. The transition between section I and section III is linearly modeled in the drawing simulation. Based on the induction heating simulation it is possible to determine the set of process parameters required for a specific T max -distribution.
Mapping interface SYSTUS-ABAQUS.
For a continuous simulation sequence it is necessary to assign the maximum nodal temperatures calculated in the electromagnetic-thermal SYSTUS-simulation to the FE-mesh of the mechanical ABAQUS-simulation model. Due to the fact that both software packages do not offer an appropriate interface for data exchange a mapping algorithm was implemented.
The mesh resolution for the induction heating process is basically different from the deep drawing process. On the one hand the electromagnetic field gradients, on the other hand stress and strain gradients have to be represented by the mesh. Therefore a basic requirement for the interface is that the results of the thermal simulation can be mapped to a different mesh specifically generated for the deep drawing process. The developed mapping algorithm is based on the Barycentric Coordinates [13] , which are determined for every element and its appending nodes of the destination mesh. Is a specific node of the source mesh located inside the Barycentric Coordinate System (BCS) of an element in the destination mesh then the corresponding temperature value is calculated due to the position relative to the BCS. Fig. 4 schematically shows the operating sequence and the data flow of this interface. 
FE-Simulation of deep drawing.
The deep drawing process is carried out in three steps. In the first step the blank holder is pushed onto the blank to create contact between the rigid tools and the deformable blank. In the second step the boundary condition is removed and replaced by an applied force on the blank holder. In the third step the die is moved onto the blank, which is drawn against the punch. This last step models the actual drawing process.
The identification of the process limits for the deep drawing of THTB demands the constitution of a precise crack prediction. For this purpose the conventional cup base fracture force is insufficient and therefore an analysis of a simulated cup is implemented to ensure a proper prediction of failure according to the experiments. The prediction is based on the calculated punch-travelcurve and a routine that determines for every simulation step the current F BF in the force transferring zone (FTZ), which is according to Because of the locally softened flange area due to the heat treatment, plastic deformation starts at a lower stress level compared to the conventional deep drawing process. This is the reason for the improved material flow in combination with a not overloaded force transferring zone.
The calculation of the drawing depth dependent F BF is implemented in an ABAQUS SCRIPTING LANGUAGE routine and is executed after a simulation is completed [14] . It classifies for every simulation step two categories of elements: The first represents the deformation zone (DZ) and the second the elements in the FTZ (Fig. 6 ). For all elements in the DZ the work hardening is determined by selecting the computed equivalent von Mises stress. In the FTZ the current transferable force is calculated by The stress σ for the cup base fracture force is either the UTS given by the heat treatment depended material property data or the work hardening which is selected from the repository of the DZ for the analyzed element. For the determination of the F BF two cases are distinguished. The first case represents the situation that the calculated work hardening is lower than the UTS. As a consequence the transferable stress is equal to the according UTS of this element. If the deformation of the element during the draw-in is high enough that the work hardening exceeds the UTS then the transferable stress is increased and corresponds to the equivalent von Mises stress. For every supporting cross-section in the cup wall the F BF is calculated (Eq. 1). The cross-section with the smallest calculated F BF defines the maximum transferable force for the actual drawing depth. In Fig. 7 the calculated failure prediction of the F BF and the measured as well as the simulated drawing force F P is displayed as function of punch displacement for a LDR of 2.1. For the simulation and the experiment the T max -distribution refers to Fig. 3 . To validate the calculated failure prediction in the experiment and the simulation the blank is clamped at a prescribed punch travel of 26 mm so that a crack is enforced. The predicted F BF shows up a good agreement with the measured fracture force.
At the beginning of the forming operation the cup base fracture force refers to the material condition T4. Up to a drawing depth of 10 mm F BF decreases, because softened material with lower work hardening than the according UTS is drawn in the force transferring zone. At later forming stages the deformation level of the drawn in material is increased. Therefore the work hardening exceeds the UTS and the transferable force is increased. This means that the minimum transferable force in the cup wall maintains constant.
Following the described simulation based approach it is possible to evaluate the formability of tailored heat treated blanks. By a systematic variation of the range and position of the transition zone between the initial material condition T4 and the softened condition W the optimal forming behavior can be determined. In conclusion the necessary process parameters for the referring T max distribution are identified by the induction heating simulation. Therefore a simulation based procedure exists that enables an adequate design of the process sequence for manufacturing THTB components.
Summmary
Tailored Heat Treated Blanks have a great potential to improve the formability of hardenable aluminum alloys. The material property distribution of the blank is optimized by a local heating process with regard to the subsequent forming operation. Therefore the influence of different heat treatment conditions is characterized by tensile tests for numeric investigations. Using the proposed FE-analysis procedure for modeling the process sequence induction heating and subsequent deep drawing it is possible to optimize the forming result. A mapping interface to transfer the heat treatment results into the FE-model for the deep drawing process is implemented. Furthermore a failure prediction criterion F BF , which is based on the maximum transferable force in the cup wall, is introduced. In conclusion the accuracy of the simulation results and the failure prediction criterion are qualified by an experimental validation of the cylindrical cup test. 
